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Abstract
We study all possible neutrino mass matrices with one zero element and two equal non-zero
elements, known as hybrid texture neutrino mass matrices. In the diagonal charged lepton basis,
we consider thirty nine such possible cases which are consistent with the latest neutrino data. Using
the two constraints on neutrino mass matrix elements imposed by hybrid textures, we numerically
evaluate the neutrino parameters like the lightest neutrino mass mlightest, one Dirac CP phase δ
and two Majorana CP phases α, β by using the global fit 3σ values of three mixing angles and two
mass squared differences. We then constrain this parameter space by using the cosmological upper
bound on the sum of absolute neutrino masses given by Planck experiment. We also calculate
the effective neutrino mass matrix for this region of parameter space which may have relevance in
future neutrinoless double beta decay experiments. We finally discriminate between these hybrid
texture mass matrices from the requirement of producing correct baryon asymmetry through type
I seesaw leptogenesis. We also constrain the light neutrino parameter space as well as the lightest
right handed neutrino mass from the constraint on baryon asymmetry of the Universe from Planck
experiment.
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I. INTRODUCTION
The Standard Model (SM) of particle physics, after the discovery of Higgs boson at Large
Hadron Collider (LHC) in 2012 has become the most successful theory of elementary particles
and their interactions except gravity. However, the SM by itself is not a complete picture
of all the fundamental particles, as it can not explain many of their observed phenomena.
Among these phenomena, the most widely discussed one is probably the non-zero neutrino
masses and their oscillations, as confirmed by several experiments [1]. The SM fails to
explain non-zero neutrino mass and hence their mixing due to the absence of right handed
neutrinos, ruling out the possibility of having any renormalizable coupling between the left
handed neutrino and the Higgs field.
Parameters Normal Hierarchy (NH) Inverted Hierarchy (IH)
∆m2
21
10−5eV2
7.02− 8.09 7.02− 8.09
|∆m2
31
|
10−3eV2
2.317 − 2.607 2.307 − 2.590
sin2 θ12 0.270 − 0.344 0.270 − 0.344
sin2 θ23 0.382 − 0.643 0.389 − 0.644
sin2 θ13 0.0186 − 0.0250 0.0188 − 0.0251
δ 0− 2pi 0− 2pi
TABLE I. Global fit 3σ values of neutrino oscillation parameters [9]
Parameters Normal Hierarchy (NH) Inverted Hierarchy (IH)
∆m2
21
10−5eV2
7.11− 8.18 7.11− 8.18
|∆m2
31
|
10−3eV2
2.30− 2.65 2.20− 2.54
sin2 θ12 0.278 − 0.375 0.278 − 0.375
sin2 θ23 0.393 − 0.643 0.403 − 0.640
sin2 θ13 0.0190 − 0.0262 0.0193 − 0.0265
δ 0− 2pi 0− 2pi
TABLE II. Global fit 3σ values of neutrino oscillation parameters [10]
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Including three right handed neutrinos with Dirac Yukawa couplings to the left handed
neutrinos does not solve this problem naturally, as the corresponding Dirac Yukawa couplings
have to be fine tuned to at least 10−12 in order to generate sub-eV scale Dirac neutrino
masses. This problem has motivated people to pursue the idea of Majorana neutrinos in the
context of popular seesaw mechanisms. Seesaw mechanism is one of the most popular beyond
standard model (BSM) frameworks which involve the introduction of one or more additional
fields heavier than the electroweak scale such that this seesaw between electroweak scale
and the scale of heavy fields is responsible for tiny neutrino masses. Such seesaw mechanism
can be broadly divided into three types: type I [2], type II [3] and type III [4]. There
exists other BSM frameworks as well which can explain the tiny neutrino masses at loop
level, known as radiative seesaw. All these seesaw models can successfully explain the sub-
eV scale neutrino masses and their mixing which have been confirmed again by the recent
experiments T2K [5], Double ChooZ [6], Daya-Bay [7] and RENO [8]. The 3σ global fit
values of neutrino oscillation parameters found by the authors of [9] and [10] are shown in
table I and II respectively. In table I and II, θij are three neutrino mixing angles, ∆m
2
ij
are two mass squared differences and δ is the leptonic Dirac CP phase. Although δ can
take any values as seen from the above 3σ data, recent results from T2K experiment has
favoured its value to be −π/2 [11]. If neutrinos are Majorana fermions, whose masses
originate from conventional seesaw mechanisms, then two Majorana CP phases also appear
in the mixing matrix. However, they do not affect neutrino oscillation probabilities and
hence remain undetermined at the above neutrino oscillation experiments. Apart from
the Majorana CP phases, the lightest neutrino mass is also unknown as the experimental
data can give only two mass squared differences as seen in the above tables. We however,
have an upper bound on the lightest neutrino mass from the Planck bound on the sum
of absolute neutrino masses
∑
i|mi| < 0.23 eV [12]. The neutrino parameters like lightest
neutrino mass, Majorana CP phases which remain undetermined at neutrino oscillation
experiments can however, have interesting consequences at neutrinoless double beta decay
(NDBD) experiments like KamLAND-Zen [13] and GERDA [14] based on Xenon-136 and
Germanium-76 nuclei respectively. To correlate any such future experimental signatures
with the underlying theory, one must have guidelines from the model building point of view
regarding the values of these neutrino parameters.
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It is therefore expected from any BSM framework to not only be consistent with the
observations of tiny neutrino masses and their mixing but also should predict some new
signatures which can be tested in the ongoing as well as future experiments. For example,
the BSM framework may predict some specific values of lightest neutrino mass or Majorana
CP phases which can be tested in future NDBD experiments. Such predictions are possible
in those models where the number of free parameters relatively small. Usually, an underlying
symmetry can reduce the number of free parameters by relating them with each other or
making them vanish. One such possibility arises within the context of texture zeros in
leptonic mass matrices. Such texture zeros can arise in the light neutrino mass matrix,
Dirac neutrino mass matrix or in right handed neutrino mass matrix which arise in type
I seesaw framework. For a complete survey of such texture zeros in lepton mass matrices,
please refer to the recent article [15]. Different possible flavor symmetries can be responsible
for such texture zeros in the mass matrices [16–18] within the framework of different seesaw
models.
In this work, we consider the texture zeros that can appear in the light neutrino mass
matrix, so that it can be independent of any specific seesaw mechanism responsible for tiny
neutrino mass. Given that the leptonic mixing matrix UL can be parametrised by three
angles and three phases (one phase if neutrinos are Dirac fermions) as mentioned above,
the texture zeros in the Majorana neutrino mass matrix can be constrained by experimental
data by comparing the diagonalising matrix Uν of neutrino mass matrix with leptonic mixing
matrix. For simplicity we assume a diagonal charged lepton basis so that Uν can be set equal
to UL. We first construct the light neutrino mass matrix by using the standard form of the
leptonic mixing matrix. The most general light neutrino mass matrix constructed in this
way, has four free parameters, if the global fit values of three mixing angles and two mass
squared differences are used. These free parameters correspond to the lightest neutrino mass
mlightest, one Dirac CP phase δ and two Majorana CP phases α, β. Comparing this neutrino
mass matrix with the texture zero mass matrix, one can arrive at one or more constraints
relating some or all of these free parameters, solving which will enable us to evaluate them
numerically. Recently we took this approach to find out some (all) of these free parameters
in the framework of one (two) zero texture mass matrices [19]. Here we extend this earlier
work to include another class of interesting texture zero mass matrices known as hybrid
textures [20–22] with one texture zero and two equal non-zero elements. Using these two
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constraints on mass matrix elements, we then numerically calculate the four free parameters
of the light neutrino mass matrix (mlightest, δ, α, β) by using the 3σ values of other neutrino
parameters given in table I. We then constrain this parameter space by applying the Planck
upper bound on sum of absolute neutrino masses. For this parameter space, we also calculate
the effective neutrino mass |mee = |
∑
i U
2
eimi| (where U is the leptonic mixing matrix and
mi are light neutrino masses) which can be probed in NDBD experiments like GERDA. We
find that certain regions of parameter space can be ruled out by phase II of GERDA [14]
experiment in future. We note that the consequences of one-zero textures of neutrino mass
matrix on NDBD amplitude was discussed earlier by the authors of [23]
After numerically determining all the free parameters of the light neutrino mass matrix,
we further constrain these hybrid texture neutrino mass matrices from the requirement of
producing the observed baryon asymmetry of the Universe through the well known mech-
anism of leptogenesis [24]. For a review of leptogenesis, please see [25]. Assuming type I
seesaw origin of neutrino mass, we consider the possible origin of baryon asymmetry through
leptogenesis where the out of equilibrium CP violating decay of right handed neutrinos can
create a leptonic asymmetry first which later can get converted into baryon asymmetry
through electroweak sphaleron processes [26]. We calculate the baryon asymmetry for all
the hybrid texture neutrino mass matrices and compare our results with the observed baryon
asymmetry of the Universe given by [12]
YB = (8.58± 0.22)× 10
−11 (1)
We observe that if the lightest right handed neutrino mass is below 1012 GeV, then many
hybrid texture mass matrices can be disfavoured from the requirement of generating correct
baryon asymmetry through leptogenesis. We also constrain the lightest neutrino mass to a
range of values which can give rise to the correct baryon asymmetry, such values of lightest
neutrino mass can be probed in the future NDBD experiments. Similar studies related to
leptogenesis in the context of Majorana neutrino mass matrices with texture zeros were done
by the authors of [19, 27].
This paper is organized as follows. In section II, we discuss hybrid texture mass matrices.
In section III, we briefly discuss the type I seesaw mechanism and leptogenesis. In section
IV we describe the numerical analysis adopted here and finally conclude in section V.
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II. HYBRID TEXTURES OF MAJORANA NEUTRINO MASS MATRIX
If neutrinos are Majorana fermions, as predicted by the conventional seesaw mechanisms,
then the 3 × 3 neutrino mass matrix is complex symmetric and hence has six indepen-
dent complex elements. If n number of these elements are zero then the total number of
structurally different Majorana neutrino mass matrices with texture zeros is
6Cn =
6!
n!(6− n)!
(2)
A symmetric mass matrix with more than 3 texture zeros n ≥ 4 can not be compatible with
lepton masses and mixing. Similarly the authors of [28] showed that even three texture zeros
are not compatible with the latest neutrino oscillation data, assuming a diagonal charged
lepton basis. Thus only one and two-zero textures are possible in the Majorana neutrino
mass matrix. Several earlier works related to one-zero and two-zero textures can be found in
[29] and [18, 22, 30] respectively. Another possibility is the so called hybrid texture defined
above, which is a combination of one-zero texture and two equal non-zero elements [20–
22]. In this section we briefly discuss different possibilities of hybrid texture neutrino mass
matrices.
Among the six independent elements of the neutrino mass matrixMν , if one is taken to be
zero and two of the remaining five elements are equal then the possible number of textures
will be C16 .C
2
5 = 60. However, as shown by the authors of [21] all these sixty possible textures
are not compatible with latest neutrino oscillation data. Only 39 of them are in agreement
with the 3σ neutrino oscillation data. Following the notations of [21] these 39 hybrid texture
mass matrices can be classified into six categories:
A1 :


0 × ×
× △ △
× △ ×

 , A2 :


0 × ×
× △ ×
× × △

 , A3 :


0 × ×
× × △
× △ △

 ; (3)
B1 :


△ 0 △
0 × ×
△ × ×

 , B2 :


× 0 △
0 △ ×
△ × ×

 , B3 :


× 0 ×
0 × ×
△ × △

 ,
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B4 :


× 0 ×
0 △ △
× △ ×

 , B5 :


× 0 ×
0 × △
× △ △

 ; (4)
C1 :


△ △ 0
△ × ×
0 × ×

 , C2 :


× △ 0
△ △ ×
0 × ×

 , C3 :


× △ 0
△ × ×
0 × △

 ,
C4 :


× × 0
× △ △
0 △ ×

 , C5 :


× × 0
× × △
0 △ △

 ; (5)
D1 :


△ △ ×
△ × 0
× 0 ×

 , D2 :


△ × △
× × 0
△ 0 ×

 , D3 :


× △ ×
△ △ 0
× 0 ×

 ,
D4 :


× △ ×
△ × 0
× 0 △

 , D5 :


× × △
× △ 0
△ 0 ×

 , D6 :


× × △
× × 0
△ 0 △

 ; (6)
E1 :


△ △ ×
△ 0 ×
× × ×

 , E2 :


△ × △
× 0 ×
△ × ×

 , E3 :


△ × ×
× 0 △
× 0 ×

 , E4 :


△ × ×
× 0 ×
× × △

 ,
E5 :


× △ △
△ 0 ×
△ × ×

 , E6 :


× △ ×
△ 0 △
× △ ×

 , E7 :


× △ ×
△ 0 ×
× × △

 , E8 :


× × △
× 0 △
△ △ ×

 ,
E9 :


× × △
× 0 ×
△ × △

 , E10 :


× × ×
× 0 △
× △ △

 ; (7)
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F1 :


△ △ ×
△ × ×
× × 0

 , F2 :


△ × △
× × ×
△ × 0

 , F3 :


△ × ×
× △ ×
× × 0

 , F4 :


△ × ×
× × △
× △ 0

 ,
F5 :


× △ △
△ × ×
△ × 0

 , F6 :


× △ ×
△ △ ×
× × 0

 , F7 :


× △ ×
△ × △
× △ 0

 , F8 :


× × △
× △ ×
△ × 0

 ,
F9 :


× × △
× × △
△ △ 0

 , F10 :


× × ×
× △ △
× △ 0

 (8)
where△ corresponds to the elements that are equal but non-zero and× denotes the arbitrary
non-zero elements of Mν .
III. TYPE I SEESAW AND LEPTOGENESIS
Type I seesaw [2] is the simplest possible seesaw mechanism to generate tiny neutrino
masses where the SM particle content is extended by three copies of right handed neutrinos
(νiR, i = 1, 2, 3). These right handed neutrinos are singlets under the SU(2)L gauge group
of SM and have zero U(1)Y hypercharges. Therefore we can not only have Dirac Yukawa
coupling of lepton doublets ℓi and the Higgs field H with the ν
i
R but also have the possibility
of writing a Majorana mass term for νiR. The type I seesaw Lagrangian is given by
LY = y
ij
ν ℓiH˜ν
j
R +
1
2
νiTR C
−1M ijR ν
j
R + h.c. (9)
where ℓL ≡ (ν, e)
T
L, H ≡ (h
0, h−)T and C is the charge conjugation operator. The resulting
in 6× 6 neutrino mass matrix after electroweak symmetry breaking is given by
Mν =

 0 MD
MTD MRR

 , (10)
where MD = yν v is the Dirac neutrino mass and v is the vacuum expectation value (vev) of
the neutral component of SM higgs doublet H . Assuming MRR ≫ MD, the light neutrino
mass is given by the type I seesaw formula
M Iν = −MDM
−1
RRM
T
D (11)
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Assuming the Dirac mass term to be at electroweak scale, one needs MRR to be as heavy as
1014 GeV in order to generate light neutrino mass of order 0.1 eV. The scale of right handed
mass can be lowered by suitable fine tuning of the Dirac Yukawa couplings.
The right handed neutrinos not only can generate small masses for the SM neutrinos
through type I seesaw mechanism, but also provides a natural solution to the baryon asym-
metry problem through the well known mechanism of leptogenesis. If our Universe had
started in a baryon symmetric manner, three conditions [31] must be satisfied in order to
create a net observable baryon asymmetry: (i) baryon number violation, (ii) C and CP
violation and (iii) departure from thermal equilibrium. Although the SM satisfies all these
conditions, it turns out that the amount of CP violation observed in the quark sector falls
short of the required one in order to generate the correct baryon asymmetry. Since the CP
violation in the leptonic sector can be quite large which is not yet measured experimentally,
leptogenesis provides a viable scenario to generate the baryon asymmetry. Leptogenesis also
provides an indirect way of constraining this leptonic CP violation among other parameters
like lightest neutrino mass, right handed neutrino masses etc. In this work, we consider the
decay of the lightest right handed neutrino as the source of lepton asymmetry which later
gets converted into baryon asymmetry through B+L violating electroweak sphalerons. The
lightest right handed neutrino can have Yukawa interactions to all the lepton flavours with
different strengths. Thus, depending on the temperature, different lepton flavours may enter
thermal equilibrium through their Yukawa interactions. A non-zero lepton asymmetry can
be created only when the right handed neutrino decay is out of equilibrium. Whether a
process is out of equilibrium or not can be checked by comparing the interaction rate with
the rate of expansion of the Universe. For example, if the lightest right handed neutrino
mass is above 1012 GeV that is, at high temperatures (T ≥ 1012GeV) all charged lepton
flavours are out of equilibrium. However at temperatures T < 1012 GeV (T < 109GeV),
interactions involving tau (muon) Yukawa couplings enter equilibrium and flavour effects
become important in the calculation of lepton asymmetry [32]. The temperature regimes
109 < T/GeV < 1012 and T/GeV < 109 correspond to two and three flavour regimes of lep-
togenesis respectively. The expressions for baryon asymmetry for all these flavour regimes
are given in [32] as well as some of our earlier works including [19] and hence not repeated
here.
For the calculation of baryon asymmetry, we first calculate the right handed neutrino
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mass matrixMRR by inverting the type I seesaw formula given in equation (11), by choosing
a diagonal Dirac neutrino mass matrix MD and using the light neutrino mass matrix Mν
constructed from the given neutrino data. The diagonalMD is chosen in such a way that the
lightest right handed neutrino mass falls in the appropriate flavour regime of leptogenesis.
After calculating MRR, we diagonalise it by a diagonalising matrix UR as
U∗RMRRU
†
R = diag(M1,M2,M3) (12)
which gives the right handed neutrino mass spectrum. Going to this diagonal basis of right
handed neutrinos is equivalent to changing the Dirac neutrino mass matrix as
M ′D =MDUR (13)
where MD is the chosen diagonal form of the Dirac neutrino mass matrix which can be
parametrised as
mdLR =


λm 0 0
0 λn 0
0 0 1

mf (14)
where λ = 0.22 is the standard Wolfenstein parameter and (m,n) are positive integers. We
choose the integers (m,n) in such a way which keeps the lightest right handed neutrino mass
in the appropriate flavour regime.
IV. NUMERICAL ANALYSIS
The light neutrino mass matrix can be constructed from the experimental data of two
mass squared differences and three mixing angles shown in table I and II. The leptonic
mixing matrix or the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix is
given by
UPMNS = U
†
ℓUν (15)
where Uell, Uν are diagonalising matrices of charged leptons and neutrinos respectively. In
the diagonal charged lepton basis, one can therefore use Uν = UPMNS. The light neutrino
mass matrix can now be written as
Mν = UPMNSM
diag
ν U
T
PMNS (16)
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where Mdiagν = diag(m1, m2, m3) is the diagonal form of light neutrino mass matrix. For
the case of normal hierarchy, the three neutrino mass eigenvalues can be written as Mdiagν =
diag(m1,
√
m21 +∆m
2
21,
√
m21 +∆m
2
31), while for the case of inverted hierarchy (IH), it can
be written as Mdiagν = diag(
√
m23 +∆m
2
23 −∆m
2
21,
√
m23 +∆m
2
23, m3). The PMNS mixing
matrix can be parametrized as
UPMNS =


c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e
iδ s23c13
s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e
iδ c23c13

UMaj (17)
where cij = cos θij , sij = sin θij and δ is the Dirac CP phase. The diagonal matrix UMaj =
diag(1, eiα, ei(β+δ)) contains the Majorana CP phases α, β. Using these, we can now construct
the light neutrino mass matrix explicitly whose elements are written in terms of light neutrino
masses, mixing angles and three CP phases, as given in appendix A. Comparing this mass
matrix with the hybrid texture mass matrices given in section II, we arrive at two constraints:
one which sets one the light neutrino matrix element to zero and the other which equates
two elements of the mass matrix. For example, for the particular texture A1, one has the
constraints m11 = 0, m22 = m23 where m11, m22 are given in appendix A. Using the global
fit 3σ values of three mixing angles and two mass squared differences given in table I, one
can write these two constraints in terms of the lightest neutrino mass mlightest = m1 (NH)
or mlightest = m3 (IH) and three CP violating phases (δ, α, β). Since these two complex
constraints can give rise to four real equations, we can numerically solve them to determine
all the free parameters (mlightest, δ, α, β) explicitly. We then apply the upper bound on
mlightest from the Planck limit on the sum of absolute neutrino masses [12] and show the
allowed regions of parameter space for each hybrid texture model. The parameter space in
terms of (mlightest, δ, α, β) derived for each hybrid texture mass matrix is shown in the figure
starting from 1 to 10.
After calculating all the free parameters of the light neutrino sector numerically for each
hybrid texture mass matrix described above, we use these parameters to calculate the effec-
tive mass matrix appearing in NDBD amplitude. For the light neutrino contribution, it is
given by
mee = mee = m1c
2
12c
2
13 +m2s
2
12c
2
13e
2iα +m3s
2
13e
2iβ (18)
We calculate this effective neutrino mass matrix and check whether some region of parameter
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space allow this to lie close to the upper bound set by the GERDA experiment and also
satisfying the Planck upper bound on mlightest simultaneously. The effective neutrino mass
for each hybrid texture model is shown in figure 11, 12 and 13. Finally, we use the same
parameter space to calculate the baryon asymmetry in all flavour regimes considering the
lightest right handed neutrino mass to be in the respective mass range: M1 > 10
12 GeV
(one flavour), 109 GeV < M1 < 10
12 GeV (two flavour) and M1 < 10
9 GeV (three flavour).
We discriminate between different hybrid texture mass matrices from the requirement of
producing the correct baryon asymmetry given in equation (1). We show the variation of
baryon asymmetry with lightest neutrino mass in the two flavor regime in figure 14 for only
those hybrid texture models which give correct baryon asymmetry.
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FIG. 1. Parameter space (mlightest, δ, α, β) for hybrid texture neutrino mass matrices.
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FIG. 2. Parameter space (mlightest, δ, α, β) for hybrid texture neutrino mass matrices.
13
-1
-0.5
 0
 0.5
 1
 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014
B4 
Sin δ
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014
B4 
Sin α
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014
B4 
Sin β
mlightest(eV)
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.005  0.01  0.015  0.02  0.025
B5 
Sin δ
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.005  0.01  0.015  0.02  0.025
B5
Sin α
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.005  0.01  0.015  0.02  0.025
B5 
Sin β
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014
C1 
Sin δ
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014
C1 
Sin α
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014
C1 
Sin β
mlightest(eV)
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.01  0.02  0.03  0.04  0.05  0.06  0.07
C2 
Sin δ
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.01  0.02  0.03  0.04  0.05  0.06  0.07
C2
Sin α
NH
IH
-1
-0.5
 0
 0.5
 1
 0  0.01  0.02  0.03  0.04  0.05  0.06  0.07
C2 
Sin β
NH
IH
FIG. 3. Parameter space (mlightest, δ, α, β) for hybrid texture neutrino mass matrices.
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FIG. 4. Parameter space (mlightest, δ, α, β) for hybrid texture neutrino mass matrices.
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FIG. 5. Parameter space (mlightest, δ, α, β) for hybrid texture neutrino mass matrices.
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FIG. 6. Parameter space (mlightest, δ, α, β) for hybrid texture neutrino mass matrices.
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FIG. 7. Parameter space (mlightest, δ, α, β) for hybrid texture neutrino mass matrices.
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FIG. 8. Parameter space (mlightest, δ, α, β) for hybrid texture neutrino mass matrices.
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FIG. 9. Parameter space (mlightest, δ, α, β) for hybrid texture neutrino mass matrices.
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FIG. 10. Parameter space (mlightest, δ, α, β) for hybrid texture neutrino mass matrices.
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FIG. 11. Variation of mee with mlightest for hybrid texture models.
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FIG. 12. Variation of mee with mlightest for hybrid texture models.
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FIG. 13. Variation of mee with mlightest for hybrid texture models.
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FIG. 14. Baryon asymmetry in two flavour regime as a function of lightest neutrino mass mlightest
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Patterns 1 Flavor regime 2 Flavor regime 3 Flavor regime
Hybrid texture NH IH NH IH NH IH
A1 X X X × × X
A2 X X X × × X
A3 X X X × × X
B1 X X × × × X
B2 X X × × × ×
B3 X X × × × ×
B4 X X X × × ×
B5 X X X × × X
C1 X X × × × X
C2 × X × × × ×
C3 × X × × × ×
C4 X X X × × X
C5 X X X × × X
D1 X X × × × X
D2 X X × × × X
D3 X X × × × ×
D4 X X × × × ×
D5 X X X × × X
D6 X X × × × X
E1 X X × × × ×
E2 X X × × × X
E3 X X × × × ×
E4 X X × × × ×
E5 X X × × × X
E6 X X X × × X
E7 × X × × × ×
E8 X X × × × ×
E9 X X × × × ×
E10 X X X × × ×
F1 X X × × × ×
F2 X X × × × ×
F3 X X × × × ×
F4 X X X × × ×
F5 X X × × × X
F6 X X × × × ×
F7 X X X × × X
F8 X X × × × ×
F9 X X × × × ×
F10 X X × × × ×
TABLE III. Summary of baryon asymmetry results. The symbol X (×) is used when the baryon
asymmetry YB is in (not in) range.
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Patterns 1 Flavor regime 2 Flavor regime 3 Flavor regime
Hybrid texture NH IH NH IH NH IH
m1 (eV) m3 (eV) m1 (eV) m3 (eV) m1 (eV) m3 (eV)
A1 0.002 − 0.008 0.001 − 0.003 0.0055 – – 0.002 − 0.003
A2 0.001 − 0.009 0.002 − 0.005 0.007 – – 0.001 − 0.003
A3 0.001 − 0.006 0.002 − 0.004 0.0017 – – 0.003 − 0.005
B1 0.003 − 0.006 0.001 − 0.004 – – – 0.002 − 0.004
B2 0.005 − 0.01 0.004 − 0.009 – – – –
B3 0.001 − 0.02 0.043 − 0.055 – – – –
B4 0.002 − 0.007 0.007 − 0.009 0.0076 – – –
B5 0.004 − 0.007 0.004 − 0.012 0.0078 – – 0.004 − 0.007
C1 0.0015 − 0.003 0.002 − 0.004 – – – 0.005 − 0.009
C2 – 0.018 − 0.021 – – – –
C3 – 0.055 − 0.059 – – – –
C4 0.008 − 0.009 0.002 − 0.008 0.0077 – – 0.002 − 0.004
C5 0.006 − 0.008 0.002 − 0.007 0.003 – – 0.001 − 0.003
D1 0.005 − 0.01 0.003 − 0.014 – – – 0.002 − 0.004
D2 0.01− 0.02 0.005 − 0.018 – – – 0.0025 − 0.007
D3 0.005 − 0.02 0.007 − 0.008 – – – –
D4 0.01− 0.03 0.015 − 0.021 – – – –
D5 0.001 − 0.013 0.003 − 0.014 0.005 – – 0.003 − 0.008
D6 0.005 − 0.015 0.002 − 0.009 – – – 0.001 − 0.009
E1 0.005 − 0.015 0.005 − 0.015 – – – –
E2 0.03− 0.05 0.006 − 0.019 – – – 0.004 − 0.008
E3 0.001 − 0.01 0.001 − 0.012 – – – –
E4 0.05− 0.063 0.037 − 0.055 – – – –
E5 0.001 − 0.003 0.001 − 0.003 – – – 0.003 − 0.007
E6 0.007 − 0.018 0.001 − 0.018 0.006 – – 0.002 − 0.007
E7 – 0.001 − 0.016 – – – –
E8 0.057 − 0.06 0.038 − 0.043 – – – –
E9 0.012 0.059 − 0.068 – – – –
E10 0.007 0.004 − 0.02 0.002 – – –
F1 0.01− 0.017 0.002 − 0.013 – – – –
F2 0.013 − 0.021 0.003 − 0.017 – – – –
F3 0.001 − 0.04 0.009 – – – –
F4 0.001 − 0.012 0.006 − 0.013 0.003 – – –
F5 0.062 − 0.065 0.052 − 0.057 – – – 0.008
F6 0.015 − 0.021 0.002 − 0.025 – – – –
F7 0.002 − 0.018 0.012 − 0.018 0.005 – – 0.007 − 0.009
F8 0.019 0.01 − 0.03 – – – –
F9 0.001 − 0.03 0.06 − 0.068 – – – –
F10 0.005 − 0.008 0.002 − 0.006 – – – –
TABLE IV. Lightest neutrino mass giving rise to correct baryon asymmetry
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V. RESULTS AND CONCLUSION
In this work, we have studied all possible hybrid textures of neutrino mass matrix allowed
by the latest neutrino oscillation data, assuming the charged lepton mass matrix to be
diagonal. In hybrid texture neutrino mass matrix, there exists one zero and two equal non-
zero elements. Out of 60 different possibilities of hybrid texture mass matrices, we consider
39 of them which were shown [21] to be compatible with recent neutrino data. We first
construct the light neutrino mass matrix using the 3σ values of three neutrino mixing angles
and two mass squared differences. Comparing this mass matrix with the hybrid texture
mass matrices, we arrive at four real constraint equations relating the lightest neutrino mass
mlightest, three CP phases δ, α, β. We solve these constraints numerically to determine these
parameters and show that some region of this parameter space is ruled out from the Planck
upper bound on the sum of absolute neutrino masses. This parameter space is shown in
figure starting from 1 to 10. For this same parameter space we also calculate the effective
neutrino mass for each hybrid texture model and is shown in figure 11, 12 and 13. It is
worth noting that, for three hybrid texture neutrino mass matrices A1, A2, A3, the (1, 1)
element is zero and hence |mee| = |
∑
i U
2
eimi| = 0. Thus, these texture zero models have no
light neutrino contributions to neutrinoless double beta decay. Some new physics sources
near the TeV scale may however, give non-zero contribution to mee for these three texture
xero models.
Finally, we calculate the baryon asymmetry through leptogenesis using the same set
of parameters derived for a specific hybrid texture model. We choose the diagonal Dirac
neutrino mass matrix in such a way so that the lightest right handed neutrino mass lies in
the appropriate flavour regime of leptogenesis. The results are summarised in table III. It
is observed that most of the hybrid texture models give correct baryon asymmetry in one
flavour regime that is, for M1 > 10
12 GeV. In the two flavour regime 109 GeV < M1 < 10
12
GeV, all the models with inverted hierarchy do not give correct baryon asymmetry. In two
flavour regime with normal hierarchy, only 12 out of 39 hybrid texture models give correct
baryon asymmetry. The variation of baryon asymmetry with lightest neutrino masses are
shown for these cases in figure 14. For the cases which produce correct baryon asymmetry,
one can also constrain the lightest neutrino masses to some specific range of values. This
is clearly visible for the models whose baryon asymmetry is shown in figure 14. For all
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the hybrid texture models, these ranges of lightest neutrino mass giving correct baryon
asymmetry are summarised in table IV. To our surprise, we have found positive results for
baryon asymmetry in three flavour regime for many hybrid texture models with inverted
hierarchy as seen from table III. Usually three flavour leptogenesis always give suppressed
baryon asymmetry, as observed in our recent work [33].
We have numerically determined all the unknown neutrino parameters (mlightest, δ, α, β)
for hybrid texture models and compare with the cosmological upper bound from Planck
experiment on the sum of absolute neutrino masses. We have ruled out certain parameter
regions from this upper bound as seen from the figures starting from 1 to 10. We have
also calculated their implications in neutrinoless double beta decay by considering only
the light neutrino contributions. Although we are not ruling out any of these 39 possible
hybrid texture models, we can constrain the full parameter space of neutrino sector by
using latest neutrino and cosmology data. Also, if thermal leptogenesis is the only way
to produce the baryon asymmetry of the Universe, then our analysis can disfavour certain
inverse seesaw models with specific light neutrino mass hierarchies. This disfavoured models
may however, be saved by suitable model building works incorporating different sources of
baryon asymmetry.
Appendix A: Light Neutrino mass matrix elements
m11 = c
2
12c
2
13m1 + e
2iαc213m2s
2
12 + e
2iβm3s
2
13 (A1)
m12 = c13
(
−c12c23
(
m1 − e
2iαm2
)
s12 − e
iδc212m1s13s23 + e
iδ
(
e2iβm3 − e
2iαm2s
2
12
)
s13s23
)
(A2)
m13 = c13
(
−eiδc212c23m1s13 + e
iδc23
(
e2iβm3 − e
2iαm2s
2
12
)
s13 + c12
(
m1 − e
2iαm2
)
s12s23
)
(A3)
m22 = e
2i(β+δ)c213m3s
2
23 +m1
(
c23s12 + e
iδc12s13s23
)
2 + e2iαm2
(
c12c23 − e
iδs12s13s23
)
2 (A4)
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m23 = −c
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12c23
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2iδm1s
2
13
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